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Abstract The utilisation of cryopreservation for the eradi-
cation of cucumber mosaic virus (CMV) or banana streak
virus (BSV) from Musa spp. was investigated. Banana
plants, cv. Williams (AAA, Cavendish subgroup), were
mechanically infected with CMV or naturally infected
with BSV, and proliferating meristems were produced
from the infected plants. Excised meristematic clumps
were cryopreserved through vitrification using PVS-2
solution. The health status of regenerated in vitro plants was
first checked by means of ELISA. The putative virus-free
material was subsequently tested a second time following
greenhouse acclimatisation. The frequency of virus eradi-
cation for CMV and BSV was 30% and 90%, respectively,
following cryopreservation. In comparison, the frequency
of virus-free plants regenerated directly from highly pro-
liferating meristems, corresponding to a spontaneous eradi-
cation rate, reached 0% and 52% for CMV and BSV,
respectively. The conventional meristem culture resulted in
0% CMV-free plants and 76% BSV-free plants, while the
cryoprotective treatment resulted in 2% CMV-free plants
and 87% BSV-free plants. To understand the mode of
action of cryopreservation for the eradication of viral par-
ticles, we examined the structure of the meristem tips by
light microscopy. The cryopreservation method used only
allowed survival of small areas of cells located in the
meristematic dome and at the base of the primordia.
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Abbreviations BA: N6-Benzyladenine ·
BSV: Banana streak virus · IAA: Indole-3-acetic acid ·
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Introduction
For many crops, cryopreservation is currently being
applied to overcome the serious limitations encountered
by traditional germplasm conservation strategies in field,
seed and in vitro culture collections. Conservation at
ultra-low temperatures, usually at –196°C, which is the
temperature of liquid nitrogen, allows the long-term and
contamination-free storage of plant genetic resources. In
1997, Brison and co-workers demonstrated for the first
time that cryopreservation can not only be used for
germplasm conservation but also for virus eradication:
cryopreservation resulted in 50% virus-free in vitro
plants from plum shoots infected with plum pox virus
(Brison et al. l997).
Banana plants (Musa genus) are cultivated on five
continents in about 120 countries, mainly tropical and
subtropical, and they provide a staple food source for
millions of people (Frison and Sharock 1999). However,
banana production is threatened by various biotic agents
(bacteria, fungi or viruses) such as the cucumber mosaic
virus or banana streak virus (Lockhart and Jones 2000).
CMV, which has a spherical particle of 28–30 nm in
diameter containing a ssRNA, is naturally transmitted by
aphid vectors or by seed. Hu et al. (1995) have identified
banana viral isolates as belonging to the subgroup I,
DTL serotype. Symptoms depend on the strain of the
virus pathogen and temperature. Thus, mild or severe
chlorosis and necrosis on leaves and pseudostem can be
observed, causing significant yield losses. The virion of
BSV is a non-enveloped bacilliform (135–150×30 nm in
size) containing a dsDNA genome of 7.4 kb (Lockhart
and Olzewski 1993). This badnavirus is transmitted by
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mealy bugs, and mechanical inoculations have been
unsuccessful (Lockhart and Jones 2000). BSV is respon-
sible for sparse or concentrated chlorotic streaks on
leaves, leading in certain cases to lethal chlorosis.
Recently, Harper et al. (1999) have shown that BSV
genomic sequences are integrated into the genomic DNA
of Musa, which could give rise to episomal BSV infection
in the case of the banana containing a B genome.
To date, reports on virus elimination from infected
banana plants are very scarce. For example, heat treatment
combined with meristem culture has been successful for
CMV eradication (Berg and Bustamante 1974; Gupta
1986), while no eradication treatment has been reported
for BSV. We previously reported on the successful cryo-
preservation of proliferating meristems of different
accessions of banana (Panis et al. 1996, 1998). Here we
report on the efficiency of cryotherapy in Musa in com-




The dessert banana cultivar Williams BSJ (ITC. 0570, AAA
Cavendish subgroup) (Daniells et al. 2001) was provided by the
INIBAP Transit Center (ITC, Leuven, Belgium).
Production of proliferating meristem clumps
In vitro shoots were placed on p4 medium: MS (Murashige and
Skoog 1962) semi-solid medium supplemented with 100 µM BA,
1 µM IAA and 3% sucrose. The material was subcultured every
1–2 months (Fig. 1a), and only small white clumps of highly pro-
liferating meristems were selected and transferred to fresh medium
(Fig. 1b).
CMV transmission
The CMV isolate (subgroup DTL), which originates from Colombia,
was mechanically transmitted to cv. Williams banana plants, while
naturally BSV-infected plants of the same cultivar were kindly
provided by J. Thomas (QDPI, Australia).
Leaves of CMV-infected tobacco were ground in a phosphate
buffer (0.05 M KH2PO4, 0.01 M DIECA, pH 7.2) using carborun-
dum (75 mg/ml) as an abrasive. The sap was applied for 10 min
onto leaves of cv. Williams plants that were subsequently kept
under conditions of low light for 12 h. The leaves were then rinsed
with water and the plants kept under the low-light conditions for
4–5 h before being placed under normal growing conditions
[temperature: 23°/18°C (day/night); photoperiod: 16/8 h (light/dark);
light intensity: 39 µmol/m2/s]
Cryopreservation
Preculture
White meristematic clumps (4 mm in diameter) containing at least
four apical domes (Fig. 1c) were transferred onto the preculture
medium. This medium is identical to p4 medium but with a BA
concentration of 10 µM BA and a sucrose concentration of 0.4 M.
These cultures were maintained for 2 weeks.
Loading
Sucrose-precultured meristematic clumps (1.5–3 mm in diameter)
were isolated and kept for 20 min in a filter-sterilised loading
solution (2 M glycerol and 0.4 M sucrose dissolved in MS medium,
pH 5.8) at room temperature.
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Fig. 1 a, b Production of pro-
liferating meristem clumps
(cv. Williams ITC. 0570): left to
right proliferating cultures after
zero, one, three and seven sub-
cultures on p4 medium (a) and
an ideal actively proliferating
meristem culture (b). c, d Light
microscopy of an actively pro-
liferating meristematic clump
(×4) containing several apical
domes without the protection
of a primordium compared to
meristem excised from an in
vitro plant (×10) with one apical
dome protected by several
primordia (d). Pr Primordium,
T tunica, C corpus
Treatment with vitrification solution (dehydration) and freezing
The loading solution was replaced by ice-cooled and filter-sterilised
PVS-2 solution (Sakaï et al. 1990) containing 30% (3.26 M)
glycerol, 15% (2.42 M) ethylene glycol, 15% (1.9 M) DMSO and
0.4 M sucrose dissolved in MS medium (pH 5.8). Meristematic
clumps were immersed in the PVS-2 solution for 120 min at 0°C,
transferred to 2-ml cryotubes and immersed into liquid nitrogen
for a minimum of 1 h.
Thawing and deloading
Tubes containing meristematic clumps were rapidly thawed in
a warm water bath (40°C) for 80 s. The PVS-2 solution
was replaced by the filter-sterilised deloading solution (1.2 M
sucrose dissolved in MS medium, pH 5.8) for 15 min at room
temperature.
Recovery
Control meristematic clumps (C) were loaded, dehydrated and
deloaded but not frozen, and frozen meristems (F) were taken
from the deloading solution and placed in 9-cm plastic petri dishes
onto two sterile filter papers on top of semi-solid hormone-free
MS medium containing 0.3 M sucrose. After 2 days, the meristem
clumps were transferred onto regeneration medium. The first week
of culture was always in the dark.
Control treatment and meristem culture
Two control treatments were initiated to allow the comparison of
virus eradication following cryopreservation protocols with more
traditional virus eradication techniques.
Control treatment – clumps of meristems (CC)
Proliferating clumps containing several meristem tips were regener-
ated on MS semi-solid medium supplemented with 1 µM BA and
1 µM IAA (regeneration medium).
Control treatment – single meristems (Cm)
Individual meristem tips of 1-mm diameter were excised under a
binocular microscope from actively proliferating meristems and
regenerated as described for CC.
Plant regeneration
Shoots produced at the end of each assay were rooted on MS
medium supplemented with 0.5 g/l active charcoal.
Virus screening
The health status of regenerated material was initially checked on
in vitro plants by DAS-ELISA using the Loewe kit (Biochemica
GmbH) for CMV and by TAS-ELISA for BSV (Ndowora and
Lockhart 2000) using IgG kindly provided by Dr. B. Lockhart
(University of Minnesota, USA). The cut off value for the thresh-
old was 0.2 absorbance units. The putative virus-free material was
then tested a second time as part of an international accepted
practice after a greenhouse acclimatisation phase of 6 months
(Diekman and Putter l996).
The eradication rate (ER) observed in fine for each treatment
was calculated as follows.
1. After the first ELISA test performed on in vitro plants:
2. After the second ELISA test performed on in vivo plants:
Light microscopy
Chemical fixation of actively proliferating meristem clumps or
excised meristems was performed using a 2.5% glutaraldehyde [in
0.1 M phosphate buffer (pH 7.2)] solution. After vacuum had been
applied three times, 5 min each time, in a desiccator, samples were
kept overnight at 4°C and post-fixed with a 1% osmic acid [in
0.1 M phosphate buffer (pH 7.2)] solution. The samples were then
dehydrated through an incremental ethanol series (50%, 70%, 85%
and 95%) in a 0.85% saline solution (1 h on ice for each ethanol
dilution) and stored in 100% ethanol (overnight at 4°C). After
dehydration, the samples were embedded in a mould filled with
Epon 812 resin and kept in an oven for 3–4 days at 60°C for
polymerisation. Thin sections were cut on a Pyramitome® 11800
apparatus (LKB Bromma) with glass knives and stained with
toluidine blue. The sections were observed with a light microscope
Olympus AX 70.
Results and discussion
In banana and plantain, meristem culture is considered to
be the reference tool for virus eradication. For example,
both Berg and Bustamante (1974) and Gupta (1986)
reported mosaic disease eradication based on meristem
culture alone or combined with thermotherapy. To date,
no study has been reported for BSV. Meristem culture in
combination with thermotherapy is very time-consuming.
Brison et al. (1997) reported on the use of cryopreservation
for Plum Pox Virus elimination from plum rootstocks
and compared it to traditional eradication methods like
meristem culture, observing 50% and 20% virus-free
plants after regeneration from frozen shoot tips or
meristem-tip culture, respectively.
To evaluate the efficiency of cryotherapy for virus
eradication in Musa, we used actively proliferating meri-
stems of banana (Fig. 1b) instead of excised meristems
since very low post-cooling regeneration rates have been
reported for the latter (Panis et al. 1998). Light micro-
scopic observations performed on actively proliferating
meristem sections showed that meristematic domes were
not protected by leaf primordia (Fig. 1c) while a single
meristem excised from rooted in vitro plantlets was so
protected (Fig. 1d). The absence of a primordium may
facilitate the penetration of the cryoprotective PVS-2
solution and its subsequent dehydration effect. Moreover,
the air bubble that is enclosed between the dome and the
leaf primordia can function as thermic isolation, thereby
slowing the rate of freezing. Thus, the cryopreservation
of proliferating meristems resulted in a regrowth of about
50% but with the growth being delayed in comparison to
the control (Fig. 2a, b). Moreover, plants regenerated
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after cryopreservation showed no morphological differ-
ences compared to the control plantlets (Fig. 2c).
Plants regenerated after in vitro multiplication of
highly proliferating meristem cultures (CC) gave a spon-
taneous virus eradication rate of 3% (3 plantlets out of
96 tested) and 59% (44 plantlets out of 75 tested) for
CMV (Fig. 3a) and for BSV (Fig. 3b), respectively, after
the first test. The state of health of the plants was stable
when tests were performed a second time on in vivo
plants that had been acclimated in the greenhouse for
6 months. The difference in the spontaneous eradication
rates between CMV and BSV may possibly be explained
by their heterogeneous distribution and by a difference in
the concentration of viral particles in the meristem tip.
Immunolocalisation of the viral particles is currently
being carried out to examine this hypothesis.
The percentage of healthy in vitro plantlets was 0%
(0 plantlets out of 8 tested) and 76% (53 plantlets out of
70 tested) for CMV and BSV, respectively; for the mate-
rial regenerated after meristem culture (Cm), similar
values were obtained after the second test performed
on in vivo plants. The lack of elimination of CMV
confirmed the previous result obtained by Berg and
Bustamante (1974) who observed mosaic disease symp-
toms on 11 indicator plants following inoculation with
an extract of Cavendish banana plants regenerated after
meristem-tip culture. The application of meristem-tip
culture to eradicate viral particles was initially based on
the concept of meristem “immunity” towards viruses
(Morel 1948). Different researchers have shown that the
probability of obtaining virus-free plants is inversely
related to the size of the meristem (Faccioli and Marani
1998). However, the reason why the meristematic dome
fails to support virus growth is quite unknown. Matthews
(1991) suggested that in dividing cells, the plant
mRNAs that are present in high concentrations in active
cells might compete effectively with viral RNAs for the
translation apparatus. Alternatively, cell-to-cell movement
proteins are unable to function in meristematic cells due
to their lack of selectivity for the sequence of nucleic
acid they transport (Hake and Char 1997). Moreover,
the size and the number of plasmodesmata increase with
respect to their location distally from the meristematic
cell. This would improve cell-to-cell virus translocation
in the distal region. However, the capability of the
meristem to develop into a full plant is directly related
to the size of the explant. Hence, a compromise needs to
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Fig. 2 Control clump a of a highly proliferating meristem (cv.
Williams ITC. 0570) compared to a frozen clump that shows
delayed regeneration b 2 weeks after reculture. c Plantlets obtained
after the regeneration of control clumps (control) and frozen
clumps (frozen) showing no morphological differences
Fig. 3 Eradication rates for CMV- a and BSV- b infected plants
obtained after the ELISA test on in vitro plants (first test) and in
vivo plants (second test). The number in brackets indicates the
number of negative plantlets per total plantlets. CC Plantlets after
direct regeneration from highly proliferating meristems, Cm plant-
lets regenerated from individual meristems excised from highly
proliferating meristem, C plantlets regenerated after a 1-h cryo-
protection in PVS-2 solution, F plantlets regenerated directly after
cryopreservation
be found for successful virus elimination and for plant
development.
After a 1-h cryoprotection with PVS-2 solution, only
1 out of the 45 plants tested (2%) for CMV and 90 out of
the 95 plants tested (95%) for BSV were virus-free. The
eradication rate of BSV decreased to 87% following
greenhouse acclimation, while CMV eradication rate
remained constant. The ultrastructural study performed
(results not shown) showed injuries induced by the cryo-
protective solution on the meristematic cells combined
with an uneven distribution of viral particles in the
meristem could explain this effect.
After cryopreservation, 30% (24 plantlets out of
the 79 tested) and 90% (112 plantlets out of 125 tested)
of the regenerated plants were virus-negative for
CMV and BSV, respectively, after acclimation in the
greenhouse.
To understand the mode of action of cryopreservation,
we made structural observations on cryopreserved highly
proliferating meristems and compared them with control
meristems (Fig. 4). Meristematic cells are characterised
by their small size (approx. 15 µm in length) and by a
high nucleo-cytoplasm ratio that is typical of actively
dividing cells (Fig. 4a). This nucleo-cytoplasm ratio
decreased progressively with increasing distance from
the meristematic dome. The nucleolus was very distinct
in the rounded nucleus located in dense cytoplasm
containing many small vacuoles.
After 1 week of recovery following the cryotherapy,
severe abnormalities were observed in many cells
(Fig. 4b). The localisation of damaged cells indicated
that freezing injuries were generally linked with
increased vacuolisation. In fact, freezing injury is reported
to be mainly the result of intracellular water crystallisation,
which occurs either during the cooling and/or the
thawing steps. Thus, small areas of surviving cells were
identified in primordial leaf tissues and in the tunica
of the meristematic dome. The recovering cells were
similar to those of the control (Fig. 4a). These small
areas of surviving cells, previously shown by Helliot
(1998) on cryopreserved meristems of plum, kept their
capacity for active cell division and structural organisa-
tion leading to regeneration into whole plants (Haskins
and Kartha 1980).
Light microscopy showed that cryopreservation acted
as a micro-scalpel – it kept alive a few layers of meri-
stematic cells but killed the more hydrated parenchymatic
cells. If such ultra-thin sections of banana meristems
were excised with a scalpel, they would immediately
blacken and die due to the oxidation of polyphenols.
Thus, the main difference between cryotherapy and
meristem culture lies in the number of meristematic
cell layers that survive. This, in combination with the
putative localisation of the virus within the meristem,
could explain the relatively high CMV and BSV eradi-
cation rates obtained after the cryopreservation of
proliferating meristem clumps. An ultrastructural study
of highly proliferating meristems of banana at each step
of the cryopreservation process would provide the infor-
mation necessary to understand the mode of action of
cryotherapy at the cellular level. Moreover, immunolo-
calisation of viral particles in the meristem, currently
being evaluated in our laboratory, will provide supple-
mentary knowledge on the eradication process by cryo-
therapy.
In conclusion, cryopreservation seems to be a very
promising technique for virus eradication from Musa in
the context of germplasm preservation and international
diffusion. It avoids the time-consuming meristem excision
and the consequent problem of blackening due to poly-
phenol oxidation. However, in the case of banana varieties
with forms of BSV integrated into their genome that are
capable of being activated, the eradication of viral particles
obtained by cryotreatment could be counterbalanced by
the activation of these integrated sequences induced by
the cryoprocedure and/or by the in vitro procedure.
Indeed, Ndowora et al. (1999) reported the existence of
viral sequences within the genome of Musa cultivars and
hybrids that can give rise to episomal viral infection as a
result of in vitro culture.
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Fig. 4a, b Light microscopy of meristem excised from highly pro-
liferating meristems before or after cryotherapy. Protocol: 2-week
preculture on MS medium supplemented with 0.4 M sucrose + 2 h
of cryoprotection in PVS-2 solution, subsequent cooling to LN
temperature, held 1 h in LN, then warmed and regenerated for
1 week on MS medium. a Top of a non-cryopreserved meristem,
b small areas of surviving cells on the top of a cryopreserved
meristem tip; surviving cells were recognised by dense nucleoli in
nuclei located in well-preserved cytoplasma. Pr Primordium
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